ERM, ER81 and PEA3 are three highly related transcription factors belonging to the ETS family. Together they form the PEA3 group within this family. Little data is yet available regarding the roles of these three genes during embryonic development. A prerequisite to investigations in this ®eld is to obtain an accurate spatio-temporal expression map for the erm, er81 and pea3 genes. To this end, we have used in situ hybridization to compare their expression patterns during critical stages of murine embryogenesis. We report that all three genes are expressed in numerous developing organs coming from dierent embryonic tissues. The three genes appeared co-expressed in dierent organs but presented speci®c sites of expression, so that the resultant expression pattern could in fact reveal several distinct functions depending upon isolated and/or various combinations of the PEA3 member expression. These results suggest that erm, er81 and pea3 genes are dierentially regulated, probably to serve important functions as cell proliferation control, tissue interaction mediator or cell dierentiation, all over successive steps of the mouse organogenesis.
Introduction
In pluricellular organisms, intercellular signalling plays a key role in the control of many developmental decisions such as the regulation of growth control, dierentiation and cell fate speci®cation. Each kind of their development is the result of the spatially and temporally coordinated expression of a variety of genes under the control of transcription regulators.
Genes of the ETS family encode transcription factors conserved throughout the metazoan species ranging from diploblastic organisms to Drosophila and Vertebrates (Degnan et al., 1993) . Ets proteins are characterized by a region of approximately 85 amino acids, named the ETS domain, which de®nes a sequence-speci®c DNA-binding motif. This domain binds as a monomer to the core sequence 5'-GGAA/ T-3' (Karim et al., 1990; Nye et al., 1992) and can be assigned to the helix ± turn ± helix super family of DNA binding domains (Donaldson et al., 1994; Liang et al., 1994; Shore et al., 1995; Werner et al., 1995) . Divergence rate analysis between the dierent ETS domains has revealed that the ets gene family can be divided into nine dierent groups (Laudet et al., 1993; Lautenberger et al., 1992) .
ETS family members have been shown to be implicated in oncogenesis. In fact, v-ets (which is the viral counterpart of c-ets-1) is partly responsible for the oncogenic eect of the E26 chicken leukemia virus (Leprince et al., 1983; Metz & Graf, 1991) . The spi1 and i genes are implicated in Friend murine erythroleukemia after retroviral insertion (Ben David et al., 1991; Moreau et al., 1988) . Other Ets members are associated to disorders when included in chimeric proteins following translocation events as exempli®ed by EwsFli1 (Delattre et al., 1992) , Ews-Erg (Zucman et al., 1993) , Tls/Fus-Erg (Shimizu et al., 1993) and TelPDGFRb (Golub et al., 1994) (for review see CreÂ pieux et al., 1994) . Transcription-regulatory regions of genes that encode growth factors, oncoproteins, transcription factors and extracellular matrix metalloproteases (MMPs) implicated in the invasion and metastasis of tumor cells, contain binding sites for Ets transcription factors (for review, see CreÂ pieux et al., 1994) .
The Ets-related proteins have been shown to be transcriptional activators or inhibitors, cooperating with other nuclear oncogenes and forming nucleoprotein complexes through protein-protein interactions (for review see CreÂ pieux et al., 1994) . Recent reports propose dierent Ets proteins as eectors of the Ras/ Raf/ERK pathway (Brunner et al., 1994; O'Neill et al., 1994; Yang et al., 1996) , with the phosphorylation of certain of these Ets proteins increasing their transactivating potential. Elk is associated with SRF to induce the serum activation of the c-fos proto-oncogene and can be activated by Ras through both the ERK and JNK kinases (for review see Treisman, 1995) .
Some data are available concerning the expression of ets genes during development or in adult mouse or chicken stages. ets-1 and ets-2 are expressed in multiple tissues during embryo formation (Kola et al., 1993; Maroulakou et al., 1994; QueÂ va et al., 1993) , and are implicated in developing endothelial network (Pardanaud and Dieterlen-Lievre, 1993; Vanbenbunder et al., 1989) , in lymphoid cell development and activation (Bhat et al., 1987; Bhat et al., 1989) and in invasion and metastasis (Delannoy-Courdent et al., 1996; Vandendunder et al., 1994 Vandendunder et al., ± 1995 ; Spi/PU-1 is involved in erythroblast maturation (Paul et al., 1991; Romano-Spica et al., 1994; Schuetze et al., 1993; Scott et al., 1994) whereas erg expression is associated with precartilaginous condensation and cartilaginous differentiation (Dhordain et al., 1995) . It has been recently demonstrated that this latter gene is expressed very early during ectopic cartilage formation (Ganan et al., 1996) .
The PEA3 group contains three members: PEA3 in the mouse (Xin et al., 1992) and in the human (Higashino et al., 1993) , ER81 in the mouse (Brown and McKnight, 1992) and in the human (Jeon et al., 1995; MonteÂ et al., 1995) and ERM in the human (MonteÂ et al., 1994) , which are more than 95% identical within the ETS domain, more than 85% within the acidic domain, which is localized in the amino-terminal part of the proteins, and almost 50% overall. The amino-and carboxy-terminal-conserved domains correspond to transactivating domains (Janknecht, 1996; Janknecht et al., 1996; Laget et al., 1996; Nakae et al., 1995) , with the acidic domain being Figure 1 Nucleotide and predicted amino acid sequences of murine erm cDNA. The nucleotide and amino acid positions are indicated to the right of the sequence. The nucleotides corresponding to the open reading frame and the 5'-and 3'-untranslated regions are in capital and small letters respectively. The dierences in amino acids between mouse ERM and human ERM (MonteÂ et al., 1994) are given below the deduced sequence. The boxed regions correspond to the acidic domain in the N-terminal part and to the ETS domain in the carboxy-terminal part formed by a helix crucial for transactivation (Defossez and de Launoit, unpublished data). Although little is known about the functional roles of these PEA3 members, dierent data demonstrate their implication in cancerogenesis. PEA3 overexpression is associated with metastasis of mouse mammary tumor cells (Trimble et al., 1993) and of squamous carcinoma cell lines (Shindo et al., 1996) . Furthermore, pea3 behaves as an oncogene since it can turn a non-invasive breast cancer cell line into an invasive one . Consistent with this result, it has been recently demonstrated that PEA3 can up-regulate matrix metalloproteinases such as type I collagenase or type IV collagenase (Shindo et al., 1996) . ER81 as well as PEA3 are implicated in some cases of Ewing's sarcoma as oncoproteins resulting from the fusion with a transactivating domain of the EWS protein (Jeon et al., 1995; Urano et al., 1996) .
The three PEA3 group member genes display very high sequence similarity and conservation of functional domains, so raising the possibility that they may carry out redundant functions. It was thus of interest to determine whether their expression sites were similar or dissimilar. To understand the involvement of these members in embryonic development, the ®rst step is to localize the expression of the dierent genes at tissue and cell levels. In this report we presented the cloning of the murine erm homolog cDNA and compare by in situ hybridization the expression pattern of the three PEA3 group genes erm, er81 and pea3 during murine embryonic development in order to gain more insights into their potential implication in morphogenesis processes. These three genes are expressed in cellular sheets arising from the three primitive layers, the ectoderm, the mesoderm and the endoderm. Together with colocalized expression sites, it appears that in a de®ned organ, the three gene expressions concern dierent tissular compartments or dierent cell types. According to their expression patterns, erm, er81 and pea3 appear highly expressed in association with proliferation and migration events. In fact, these patterns also suggest dierent functions for each gene. Thus, erm, er81 and pea3 may serve important signaling pathways in organogenesis and in several tissues during successive stages of murine development.
Results

Isolation of mouse erm cDNA
Human erm cDNA previously cloned (MonteÂ et al., 1994) and containing the open reading frame of ERM was chosen for screening of a 8.5 embryonic mouse cDNA library kindly provided by Dr B Hogan. Five mouse cDNA clones were isolated and sequencing The sequence around the ®rst in-frame initiating codon, CACCATGG (Figure 1 ), contained the consensus sequence required for optimal initiation by eukaryotic ribosomes (Kozak, 1991) , similar as the human erm cDNA (MonteÂ et al., 1994) . The open reading frame starting at the ®rst ATG encoded for a continuous protein of 510 AA of 95% identity with the human ERM protein (Figure 1 ). The calculated molecular mass of the product was 57 724 Da. The translation of the open reading frame predicts a protein which is rich in proline (13.5%), leucine (7.8%) and glutamine (7.3%) residues. As illustrated in Figure 1 , residue alignment of the mouse (this report) and the human ERM protein (MonteÂ et al., 1994) revealed that the acidic and the ETS domains are fully conserved. Figure 4 Whole mount in situ analysis of erm (b), er81 (c) and pea3 (d) expression in 9.5 day embryos. baII, second branchial arch; baIII, third branchial arch; lb, limb bud; mbp, mandibular process; mxp, maxillar process; op, optic vesicle; ot, otic vesicle; wd, Wolan's duct. (a), Control erm sense probe. Bar: 500 mm Figure 5 Expression of erm (a), er81 (b) and pea3 (c) in tranversal sections of a 15.5 day old embryo. Dark®eld views. drg, dorsal root ganglion; ma, molar anlagen; nc, nasal cavity; sg, salivary gland; sp, spinal cord; th, thymus; tr, trachea; to, tongue; cartilagineous skeleton (arrow). Bar: 550 mm
Northern blot analysis
Northern blot analysis was performed on mice organs to verify the hybridization speci®city of each of the probes. The expressions of the three PEA3 members are seen on dierent organs from three week old mice. As shown in Figure 2 , a 4.0 kb transcript corresponding to erm was present at dierent levels in all the organs tested (except the liver). er81 (two transcripts at 3.2 and 6.4 kb) was expressed in a majority of the organs tested according to the data obtained in embryos. In contrast, the 2.4 kb transcript corresponding to the expression of pea3 was restricted to a few organs including the brain, the skeletal muscles and the colon. These results con®rm previous data (MonteÂ et al., 1994) and demonstrate that there is no crosshybridization between the probes and the three target genes, in terms of their dierent patterns of expression and the sizes of the respective products.
Expression in ectoderm derivatives
Central nervous system The expression sites of erm, er81 and pea3 in the nervous system are summarized in a schematic reconstitution of three developmental stages ( Figure 3 ). From the completion of the neural tube closure to late embryonic neurogenesis, the three genes were expressed in speci®c regions of the brain neuroepithelium as in dierent cranial ganglia (see also neural crest derivatives). A conspicuous erm and pea3 co-expression was detected in speci®c regions of the forebrain neuroepithelium including the telencephalon vesicles and the diencephalon and the wall of the hindbrain. er81 was weakly or not at all expressed in these neuroepithelial structures but rather in the cephalic mesenchyme. erm and pea3 expression was also detected in the cephalic mesenchyme. As neural development proceeds, erm and pea3 expressions become restricted to the cells lining ventricles rather than in dierentiating cells of the neural wall. The evolution of the expression patterns of the three genes is quite dierent in the spinal cord. Indeed, erm, er81 and pea3 were co-expressed in the¯oor plate of the newly formed spinal cord (Figure 3 ; see also Figure  11 ). Later, expression areas are very dierent (Figure 3 ; see also Figure 5 ). Moreover, the three genes were expressed in neural derivatives such as the dorsal root and cranial nerve ganglia (facio-acoustic, trigeminal. . ., see also neural crest derivatives).
Neural crest derivatives Starting from the neural tube, neural crest cells migrate along various de®ned routes through the embryo and give rise to dierent cell types. Cephalic neural crest cells migrate dorsolaterally before the closure of the neural tube and give rise to the cranio-facial mesenchyme which invades the dierent pharyngeal arches according to their origin along the rostro-caudal axis. As shown in the Figure 4 by using whole mount hybridization we observed a co-expression of erm and pea3 in the ®rst, second and third branchial arches whereas er81 was weakly expressed in these structures. The cranio-facial mesenchyme will dierentiate into cartilage, bone, cranial neurons and connective tissues of the face. Moreover these cells will give rise to odontoblasts of the tooth primordia and the cartilage of inner ear and jaw. As described below, erm, er81 and pea3 are expressed in the cells of the dierentiating odontoblasts and jaw cells ( Figure 5 ). Cephalic neural crest cells also generate dierent cephalic ganglia and cervical dorsal root ganglia. As exempli®ed by the trigeminal ganglion, dierent expression patterns were observed in the cephalic ganglia: erm had a high and homogeneous expression level; er81 was weakly expressed and pea3 was highly and punctually expressed in some cell subpopulations. This expression pattern is also observed in the other ganglia such as the facioacoustic (VII-VIII), the glossopharyngeal (IX) and the vagus (X) ganglia (Figure 3) . The same dierences in expression could be observed in dorsal root ganglia emanating from the truncal neural crest cells (Figures 3 and 5 ). In addition, the three genes were expressed in the tongue, jaw regions, tracheal cartilage and in the dierent neck muscles, all derivating of neural crest cells ( Figure 5 ). 
Ectoderm implication in organogenesis
Eye Speci®c regions of the neuroderm instruct the ectodermal placodes to develop according to each sensorial perception system. The optic, olfactory and auditory placodes are then induced to invaginate within the cephalic mesenchyme.
In the case of eye development, the two optic anlagen result from a bilateral evagination of the neuroderm at the basis of the future proencephalon. The optic evagination transforms into optic cups or vesicles and reaches the overlaying ectoderm. While free lenses observed in amphibians raise the question of the role of mesoderm and endoderm in lens formation, the neural optic vesicles are generally believed to induce dierentiation in the overlaying surface ectoderm to form the lens placodes. Each lens placode begins to invaginate and detaches itself from the ectoderm to form the lens vesicle. This latter induces dierentiation in the inner layer of the optic vesicles to form the neural retina.
As early as E9.5, whole mount hybridization revealed an expression of the three genes in the eye primordia (Figure 4 ). At E10.5, as the lens pit progressively indented, the expression of the three PEA3 group genes was localized both in the neural layer of the retina and in the lens. erm and er81 were highly expressed in the neuroretina and in the adjacent part of the lens. pea3 presented a weak level of expression in these two structures ( Figure 6 ). Later, as the lens vesicle dierentiated (E13.5 to 15.5) and the neuroretina subdivided into inner and outer neuroblastic layers, both erm and er81 were highly expressed in the outer neuroblastic layer and in the nuclear region of secondary lens ®bers located in the equatorial region of the lens. Moreover, er81 was highly expressed in the anterior lens epithelium, which is a site of lens cell proliferation. In contrast, a slight pea3 expression was detected in the neuroretina. Moreover, the three genes were co-expressed in the choroid plexus (Figure 7 ).
Olfactory and otic development At the beginning of the olfactory vesicle formation, a labeling for erm and pea3 was detected in both the epithelium and the adjacent mesenchyme, while er81 was weakly expressed in the mesenchyme (data not shown). At E15.5 (Figure 8 ), the expression of erm and pea3 in the olfactory epithelium was restricted to cell subpopulations. In contrast, their expression pattern appeared homogeneous in the adjacent mesenchyme. er81 was still expressed in the mesenchymal compartment surrounding the epithelial olfactory tree. In the olfactory lobes emerging from the telencephalon, all three genes were co-expressed at inner neuroepithelium level, but did not superimpose in surrounding neuroderm (Figure 3) .
The otic placode is induced at E9.5 of development in the ectoderm by the rhombencephalon and invaginates to give rise to the otic vesicle. The inner ear originates from the otic vesicle. The PEA3 group genes displayed a very similar expression pattern either in the olfactive tract or in otic system: erm and pea3 were seen in the induced placodes and vesicles and their expression area decreased as dierentiation occurred; er81 was detected in the surrounding mesenchyme, and later in the otic capsule (data not shown).
Pituitary gland The anterior part of the pituitary gland derives from a stomodeal epiblastic placode induced by the chordal system. This placode later invaginates to form the Rathke's pouch and comes in close contact with the neuroderm of the diencephalon, giving rise to the nervous part of the hypophysis. This development is thought to result from mutual interactions.
During the elongation of the Rathke's pouch, we observed an expression of the three PEA3 group members in the epithelial cells of the Rathke's pouch, the adjacent neuroepithelium and the surrounding cephalic mesenchyme. At E15.5, when the anterior part of the Rathke's pouch contacted the infundibulum, both interacting sheets expressed the three genes. However expression levels diered between the two components ( Figure 9 ).
Tooth Tooth development is controlled by a series of interactions between oral epithelium and neural-crestderived mesenchyme resulting in the dierentiation of the enamel-secreting ameloblasts and dentin-secreting odontoblasts respectively. At bud stage (E13.5) both compartments of the molar anlagen were labeled by the three probes. At cap stage (E15.5), erm and er81 expression progressively decreased in the apical inner epithelium but remained high at the junction between the outer and inner epithelia. erm, er81 and pea3 remained strongly expressed in the mesenchymal dental papilla ( Figure 5 ). These expressions preceded the dierentiation of both secreting ameloblasts and odontoblasts. Correlating with more dierentiated stages, the expression of the three members was less restrictive and was observed at a weak level in the enamel-dense restructured organ and in the dentalloose papilla. No peculiar expression was detected in organizating odontoblasts.
Mammary gland
The mammary gland is composed of two tissue components, the parenchymal epithelium and the stromal mesenchyme. The epithelium originates from ectodermal cells while the surrounding stroma and adipose tissue derive from the mesoderm. Mammary gland development is a multistage process that begins in the embryo with the mammary anlagen, which gives rise to primary and secondary ducts. The development is identical in male or female mice until day 15 ± 16 of gestation. The early stage of development that we studied in a 15.5 day-female embryo showed that the three genes were highly expressed in the epithelial bud of the mammary gland (Figure 10 ).
Expression in mesoderm derivatives
The somites are transient metameric structures derived from the paraxial mesoderm. As they lose their primitive epithelial characteristics, the ventral medial cells of the somite scatter to form the sclerotome that will later form the axial cartilaginous skeleton. In contrast, the dorso-lateral cells give rise to the dermomyotome. At E10.5 the lateral dermomyotome and the adjacent sclerotomal cells expressed the three genes ( Figure 11 ).
Skeletal muscles Two dierent myogenic cell lineages can be distinguished within the somites: these are on the one hand, the muscles of the limbs on the other hand, the body wall and the axial skeletal muscles. The former (precursors of limb musculature) are derived from the ventro-lateral portion of the dermomyotome immediatly adjacent to the limb buds. These cells emigrate from the dermomyotome into the limb, where they dierentiate and fuse to form the primary myotubes. The latter (body wall and axial muscles) are derived from the lateral half of the somite which gives rise to myotomal cells.
Despite their dierent origin, the axial, appendicular and body wall muscles presented an important expression of the three members throughout the dierent developmental stages (see for example Figures 5 and 10 ). In the adult mouse the three genes were still expressed in skeletal muscles, though at dierent levels (see Northern blot in Figure 2 ).
Visceral muscles
The visceral musculature also derives from the lateral mesodermal component, and the expression of erm, er81 and pea3 was observed during all the stages of development studied in the differentiating mesodermal layers surrounding tracheal and digestive tract (Figure 12 ). Figure 10 Expression of erm (a), er81 (b) and pea3 (c) in truncal sections of a 15.5 day old embryo. Dark®eld views. ac, atrial chamber of the heart; lg, lung; mg, mammary gland; vc, ventricular chamber of the heart; cartilagineous skeleton (arrow). Bar: 520 mm Cartilaginous skeleton The sclerotomal cells that leave the somites to form the vertebral axis and ribs expressed erm, er81 and pea3. The same co-expression was seen in the appendicular skeleton that arises from the lateral mesoderm. In each case, the labeling was present in the young aggregating chondroblasts but no longer persisted when the cartilaginous matrix was deposited (see for example Figures 5 and 10) . However, perichondrial cells lining newly formed cartilaginous pieces continued to express the three genes (see also labeling in the nasal capsule and septum in Figure 8 ).
Mesoderm implication in organogenesis
Heart The heart anlagen derives from both the splanchnic mesoderm, which gives rise to the endocardial and myocardial components, and from the somatic mesoderm, which gives rise to the pericardium wall. In the primitive S-shaped cardiac tube, the expression of the PEA3 group genes was essentially restricted to the myocardial layer. Later, er81 and pea3 were highly expressed in the wall of the common atrial chamber and in the trabeculation of the common ventricular chamber. Later in development, erm and er81 were highly expressed in the myogenic trabeculation of the atria as well as in the two ventricles, whereas pea3 expression largely decreased (Figure 10 ).
These late patterns of expression were corroborated by Northern blot analysis performed on an adult mouse heart, where erm and er81 expression could be detected, and pea3 could not.
Limb The expression of erm and pea3 was ®rst seen by whole mount hybridization at day 9.5 of gestation in the anlagen of the forelimb (Figure 4) . The initial growth of limb buds requires speci®c interactions between the¯ank ectoderm and the subjacent mesoderm. As the bud extrudes from the¯ank, the ectodermal sheet dierentiates the Apical Ectoderm Ridge (AER) which further induces both elongation and polarities of the member. erm and pea3 were more strongly expressed than er81 in the distal mesenchymal cells corresponding to the progress zone. A slight signal was observed in the ectoderm for erm and er81. It is noteworthy that pea3 was highly expressed in the ectodermal cap (Figure 13 ).
Kidney The metanephros ± de®nitive kidney ± results from the invasion of metanephric blastema by ureteric buds. The ureters bud out from the posterior Wolan duct, come into contact with the metanephric mesenchyme and increase in length. In the developing kidney, erm and pea3 were ®rst expressed both in epithelial ureteric tubules and in adjacent mesenchyme while er81 slightly in the mesenchyme. By E13.5 to E16.5, the kidney becomes more organized and, correlatively, the expression of the genes became more restricted. The primitive glomeruli appeared throughout the cortical region underneath a thin outer nephrogenic zone where nephron induction goes on. As depicted on Figure 14 the expression of erm, er81 and pea3 was localized in the ureteric epithelium and the surrounding mesenchymal condensation. This correlates with metanephrogenic mesenchyme and ureteric bud ends. The er81 signal in the mesenchymal compartment decreased progressively until E17.5.
By E18 until birth of the mice the erm and pea3 expression began to decrease with the dierentiation of the nephron and became restricted to the peripheric nephrogenic zone. The expression of erm and pea3 was then restricted in the mesenchymal compartment at a weak and homogeneous level (data not shown). At the adult stages erm and er81 were always expressed, whereas pea3 expression was no longer detectable by Northern blotting (Figure 2 ).
Expression in endoderm derivatives
Digestive tract At all the developmental stages examined in the digestive tract, erm and pea3 were expressed in the basal layers of the endodermal epithelium while er81 showed an expression in the mesenchymal part of the mucosa. Villous projections were not labeled by the three genes ( Figure 12 ). As shown by Northern blot (Figure 2 ), after birth, the three genes were highly expressed in the colon and weakly (erm and er81) or not at all (pea3) in the ileum.
Thymus and thyroõÈ d gland The thymus and thyroõÈ d gland derive from the endodermal layer of the third endodermic pouch. In the early stage of thymus development (E13.5) (Figure 15 ), erm and pea3 were only detected in the epithelial cells of the capsule located in the periphery of the gland while er81 had an overall weak expression in the central region composed of a stromal network. In addition to the above pattern of expression at E15.5, erm mRNAs were also detected in the central region of the thymus where clusters of epithelial cells had begun to dierentiate ( Figure 5 ). In the thyroid anlagen at E15.5, the expression of erm and pea3 was particularly important in the epithelial cells of the peripheral Lung The lungs begin their development when bilateral epithelial tracheal buds sprout from the primitive gut endoderm into surrounding mesoderm. The PEA3 group genes were expressed during all stages of the developing lung.
At E10.5, erm and pea3 were expressed predominantly in the lung bud epithelium, whereas er81 was expressed in the surrounding mesenchyme. Interestingly, as the branching occurred from E11.5 to E15.5 to give rise to the primary, secondary and tertiary bronchi, the erm expression became restricted to the distal growing epithelium of the branching ducts and was no longer detected in any more dierentiated stalks. During this morphogenesis, er81 was observed in the mesenchymal compartment. pea3 presented another expression pattern: it was expressed both in the epithelial and mesenchymal compartments but at a lesser extent (Figure 10 ). In the later developmental stages and in the newborn mice, the expression of the three genes was maintained in the lung but essentially in the mesenchymal compartment. In adult stages, erm and er81 expression was observed by Northern blot; pea3 was no longer expressed (Figure 2 ).
Salivary gland The ®rst step of salivary gland formation at E11 of gestation is an invagination of a part of the mouth¯oor epithelium into the mandible mesenchyme. The proliferation of epithelial cells gives rise to bulbous epithelial lobules. In this developing organ, the erm and pea3 genes were highly expressed in the bulbous epithelial lobules, which were composed of epithelial cells surrounded by condensed mesenchymal cells. The more dierentiated epithelial stalks did not present any labeling. er81 was evenly expressed in the mesenchymal condensed cells around growing epithelial buds ( Figure 5) . Later, the expression began to decrease, so that after birth the expression was restricted to the mesenchymal compartment for the three genes (data not shown). In adult mice, erm is the only gene the expression of which can be detected in the salivary gland by Northern blot (Figure 2 ).
Discussion
In this report, we have studied the ETS family transcription factors ERM, ER81 and PEA3 which have been assigned to the same PEA3 group according to the divergence rate analysis of their DNA binding domain, i.e. the ETS domain. Indeed, these factors are very closely related as they share more than 95% sequence identity in the ETS domain and more than 85% in the amino-and 50% in the carboxy-terminal parts known to be transcriptional activating domains (Laget et al., 1996) . This high-sequence identity causes us to wonder whether the three encoding genes are redundant in their spatio-temporal expression and their role(s) or, alternatively, whether each gene displays speci®c features of expression related to potentially dierent functions in development. We have developed probes speci®c for analysing by in situ hybridization the expression of erm, er81 and pea3. Thus, we report here the cloning of the murine erm cDNA and the ®rst comparative description of the expression of the PEA3 group members during murine embryonic development from day 9.5 until birth and in some cases afterwards. Our results show that the three genes are expressed in many developing tissues with apparently numerous sites of co-expression. Nevertheless, a closer examination revealed that these genes present speci®c sites of expression in systems where cells or tissues are interacting. Moreover, the Northern blot study demonstrated that erm and er81 displayed a continual expression in numerous adult mouse organs while pea3 expression decreased largely after birth and was restricted to a few organs.
Expression in dierentiating cell lineages
The main features of PEA3 group member expression can be resumed as follows: during early stages of Figure 14 Expression of erm (a), er81 (b) and pea3 (c) in posterior transversal sections of a 15.5 day old embryo. Dark®eld views. ap, adrenal primordium; ki, kidney; li, liver. Bar: 400 mm development, a co-expression of the three members is frequently observed. As dierentiation proceeds after commitment of the cells, expression patterns are modi®ed so that some populations continue to coexpress the genes while other subpopulations exhibit new speci®c expressions. It is true for the neuroepithelium and its derivatives as illustrated by the expression maps in the central nervous system (see Figure 3) . It is tempting to propose that these peculiar expression patterns accompany and/or trigger progressive steps of the neural dierentiation. In the same way, we observed the expression of the three genes at the early stages of somite dierentiation when both myogenic and chondrogenic lineages appear in the dermomyotome and the scattering sclerotome respectively. These two components are responsible for trunkal musculature and vertebral axis formation respectively. As cellular dierentiation proceeds, signals become restricted to subpopulations of cells. For example, aggregating chondroblasts express the genes while skeleton cartilaginous pieces do not, excepted in the perichondrium. At the opposite, in muscle cells and whatever the origin of the cells (somitic, splanchnic), erm, er81 and pea3 are expressed in committed cells, and their expression is maintained during later stages of dierentiation. These patterns of expression are reminiscent of the expression of ets-1 and erg which are found in scattering sclerotomal cells (Dhordain et al., 1995; Fafeur et al., 1997; Grevin et al., 1993) . However, ets-1 is quickly down regulated in young chondroblasts while erg and pea3(s) expression persists (Dhordain et al., 1995; Ganan et al., 1996) . Similarly, ets-1 is not expressed in myogenic derivatives (Fafeur et al., 1997) while erg as well as PEA3 group members are found in the dermomyotome and its muscular or tendon derivatives.
Taken together, these results highlight the simultaneous use of dierent members of a transcription factor family during the early stages of embryonic development and their quick specialization during steps of various dierentiation programs. These observations appear to rule out a redundant function for PEA3 group members and rather agree with speci®city for each member and/or putative cooperations to monitor important functions during developmental processes.
Expression during organogenesis
The expression of the PEA3 group genes starts early in development and extends with dierent organogenesis. erm, er81 and pea3 are expressed in ectoderm, mesoderm and endoderm derivatives during the development of many organs. This study demonstrates that erm and pea3 are preferentially expressed in epithelial cells such as epithelium of the salivary gland, the lung and the gut whereas er81 is commonly expressed in the mesenchymal compartment. This dierence in the expression pattern is clearly exempli®ed in the developing gut, where expression of erm and pea3 is restricted to the endodermal epithelium whereas er81 expression is limited to the mesenchymal part of the mucosa.
It is interesting to note that the three genes are expressed in organs where epithelial-mesenchymal interactions occur, as for example the lung, the kidney or the salivary gland. It is well known that epithelial-mesenchymal interactions strongly in¯uence cell migration and proliferation and that the extracellular matrix (ECM) can mediates these events. Moreover, the controlled degradation (and remodeling) of the ECM, relying on an interplay between the metalloproteinases (MMPs) and their inhibitors (Matrisian, 1992 ) plays a key role in the morphogenetic processes.
A large number of reports has evidenced the transcriptional regulation of MMP encoding genes by members of the ETS family (Gutman and Wasylyk, 1990; Sato and Seiki, 1993; Wasylyk et al., 1991) . Of special relevance to our ®eld of investigation was the report that E1AF, the human homologue of PEA3, upregulated the transcription of three dierent types of MMP genes: MMP-1, MMP-3 and MMP-9/gelatinase (Higashino et al., 1995) . Moreover, E1AF overexpression confers an invasive phenotype on human breast cancer cells by up-regulating MMP-9/gelatinase expression . This probably accounts for the metastatic potential of PEA3-expressing cell lines that indeed overexpress MMP-3 and 9 (Shindo et al., 1996) . It is therefore tempting to speculate that the erm, er81 and pea3 genes encode transcription factors that take part in epithelial-mesenchymal interactions by regulating expression of MMP genes, that in turn remodel the ECM. Several studies have pointed to adhesion molecules as other key players in morphogenesis. Noticeably, their expression is modulated by Ets proteins, and they also might be targets of ERM, ER81 and PEA3. We do not know whether these dierent target genes could be regulated by each of the PEA3 group members, or whether they share the same eectors. It was recently shown that ETS family members can either cooperate or inhibit each other in triggering target gene expression (Buttice et al., 1996) . It would be of interest to describe the precise implication of the three genes in well characterized epithelial-mesenchymal interacting systems and in the same way to examine the eects either of erm, er81 and pea3 null mutation by knocking out, or of their overexpression by transgenesis. These studies are under investigation in our laboratory. This could be a good way to test the respective role(s) of each member.
To conclude, erm, er81 and pea3 encode transcription factors that are highly expressed during all murine developmental stages. The most important step of the expression seems to be associated with proliferation and migration events. The three gene expression also correlates with epithelial-mesenchymal interactions. These data suggest an important role for the erm, er81 and pea3 genes in regulating developmental processes.
Materials and methods
Isolation and sequencing of mouse erm cDNA clone Molecular cloning of the mouse erm cDNA was performed with two probes. The ®rst probe corresponded to the BamHI ± NdeI digested fragment of human erm cDNA (Mont et al., 1994) . The second probe corresponded to the 5' EcoRI fragment of a 5' truncated mouse erm cDNA isolated during the screening. Approximately 10 6 recombinant phages from a 8.5 embryonic mousecDNA library kindly provided by Dr B Hogan were screened with the 1610 6 c.p.m./ml 32 P-labeled probes. The ®lters were washed at 0.56SSC ± 0.1% SDS at 608C for 30 min and then autoradiographed 12 h at 7808C. After three to four puri®cation steps, phages were isolated as described (MonteÂ et al., 1994) and the inserts were excised by EcoRI digestion. The puri®ed cDNA inserts were subcloned into the polylinker site of pBluescript SK vector (Stratagene, La Jolla, CA). Synthetic oligonucleotides, as well as T7 or T3 vector primers, and modi®ed T7 DNA polymerase were used to sequence both strands of doublestranded plasmid DNA with the dideoxy chain termination method with [
35 S]ATP (USB, Cleveland, OH). Sequences were con®rmed using an Applied Biosystems 370A automatic system with¯uorescent dye-labeled cDNA sequence-speci®c primers and a Taq dye-primer sequencing kit (Applied Biosystem, Foster City, CA).
Preparation of RNA probes
Probes for hybridization were prepared from the Nterminal part of the ERM, ER81 and PEA3 genes; PEA3 being the least conserved between the three. The dierent probes were obtained by PCR (30 cycles: 948C, 1 min; 508C, 1 min; 728C, 1 min) on the respective cDNA with speci®c oligonucleotides¯anking the corresponding region, subcloned into pCR TM II (In Vitrogen Corp., San Diego, CA) and con®rmed by sequencing. The oligonucleotides used for the PCR were for erm, er81 and pea3 respectively: The sizes of the probes are 611 bp (nt 77 to nt 687), 547 bp (nt 236 to nt 782; Brown and McKnight, 1992) and 593 bp (nt 397 to nt 989; Xin et al., 1992) . The RNA probes were transcribed from linearized plasmids by Sp6 and T7 RNA polymerase (Stratagene, La Jolla, CA) and generated antisense and sense probes for ERM, ER81 and PEA3 respectively. Transcription reactions with these polymerases were performed according to the manufacturer's speci®cations by means of 200 mCi [ 35 S] CTP (1200 Ci/ mmole, NEN).
Northern blot analysis
Total RNA was extracted from fresh tissues with RNAzol (Appligene). 15 mg of RNAs were separated on 1.2% agarose/formaldehyde gels and transferred onto nylon membranes (Hybond N + , Amersham). Hybridization was performed with [ 32 P]CTP DNA probes of ERM, ER81 and PEA3 labeled according to the Megaprime DNA labeling system (Amersham).
Embryos and tissue preparation
Embryos were obtained from natural matings of OF1 mice, and embryonic day 0.5 (E0,5) was assigned to the day the vaginal plug was found.
In situ hybridization was performed on tissue sections of mouse embryos at various developmental stages. The embryos were ®xed in paraformaldehyde 4% PBS, dehydrated and embedded in paran. 7 mm thick transverse sections were collected on Superfrost slides (Fisher Scienti®c Co) and stored at 48C.
In situ hybridization was performed essentially by the method of Cox et al. (1984) using modi®cation reported previously (Queva et al., 1992) .
Hybridization was detected after 15 days' exposure to autoradiographic emulsion. After development, the slides were stained with the Hoechst 33258 intercalating DNA dye and mounted in Glycergel (Sebia). Sections were photographed with dark-®eld optics and/or epi¯uorescence for the Hoechst staining. A Zeiss Axioskop microscope was used.
Whole mount in situ hybridization
Whole mount in situ hybridization was performed according to the procedures of (Wilkinson, 1992) . 9.5, 10.5 and 11.5 day embryos were ®xed overnight in 4% paraformaldehyde in PBS and hybridized with ERM, ER81 and PEA3 sense or antisense digoxigenin-labelled RNA probes. Hybridization was detected with digoxigenin antibody coupled to alkaline phosphatase (Boehringer Mannheim). Samples were post-®xed with 4% paraformaldehyde in PBS Tween and then stored in glycerol 80% in PBS Tween. Whole embryos were photographed under transmitted light with a Nikon microscope.
